In large two-stroke marine diesel engines, bearings are designed to last the lifetime of the engine. The design has shown very good service experiences. The design parameters of the main bearings are, among others, based on the average maximum specific load which the bearing should operate under. In general, the frictional loss is less than 1% of the nominal power of the engine but is still a target for optimization. Fatigue mechanisms of bearing lining material are not fully understood and the design limits with regards to minimum oil film thickness, max oil film pressure and oil film pressure gradient are not established. Large two-stroke journal bearings are not suitable for fatigue test due to the size, the low rotational speed and the complexity of such a test-rig. The disc fatigue test rig was designed with the purpose to test white metal coatings under realistic bearing conditions, in a confined time-frame. The test-rig simulates a scale model of a thrust bearing, in contrary to standard design, the bearing lining material is applied to the rotating collar. Parameters, such as bearing load, rotational speed, oil temperature, oil contamination is controlled/monitored in order to achieve repeatability and a systematic approach to the experiments. Test performed on the test-rig shows good correlation on the fatigue cracks with those experienced on large two-stroke journal bearings.
Introduction
Bearings for large two-stroke marine diesel engines are typically in service for the entire lifetime of the engine, up to 20-30 years is not unusual service life (Figure 1 ). The bearing shell is installed in the engine and firmly positioned by the design of the structure surrounding the bearing. The design of these bearings is to a large extend based on empirical knowledge in combination with simulations. These simulation results are compared to basic design rules and thus assisting in the validation of new designs. The typical white metal bearing shell consists of a base material (steel) on which the white metal has been applied.
Traditionally bearings installed in MAN Diesel & Turbo SE (MDT) engines were equipped with white metal as bearing lining. This mindset changed years back when certain bearings in certain engines started to show less good performance due to fatigue cracks at bearing edges. This required a modification in order to address this issue. The solution was the introduction of the AlSn40 bearing, a steel lining with an AlSn40 roll bonded on top as bearing lining. The fatigue properties of this bearing shell are somewhat superior to a conventional white metal bearing, which has also been demonstrated by the service experiences with this bearing type. A drawback of this bearing type is the reduced capability to operate under extreme conditions. From time to time failures occur. These failures may originate from, e.g. foreign particles, water in oil, poor quality in the production process, erroneous installation. The reduced capability to operate under extreme conditions can lead to engine failures, where major components (engine structure or crankshaft) need to be replaced or remachined. This is typically not the case for engines fitted with white metal main bearings.
The introduction of more sophisticated simulation tools has helped MDT to increase acceptable nominal load on the main bearings. At the same time more understanding of which parameters that affect the performance such as minimum oil film thickness and maximum oil film pressure has led to new designs. The ''Blended Edge'' ( Figure 2 ) design compared to the conventional design increased the minimum oil film thickness significantly thus enabling the possibility to re-introduce the white metal bearing, with its superior tribological properties. Having this in mind, there is still a need for understanding the mechanisms in relation to fatigue of white metal bearings.
Testing of white metal bearing alloys
White metal fatigue tests are described in DIN 50100, 50113 and 50142 where compound material is tested with alternating tensile/compressive stress and rotating bending. This test is commonly used by bearing manufacturers to test the lining fatigue properties. But since the test is performed on specimens that have little in common with a thin bearing lining, the test results cannot be transferred to plain bearings. In the last century, plain bearing has been tested countless times on many designs of test rigs to simulate realistic bearing conditions. These kinds of test rigs tend to be complicated, and repeatability is hard to achieve, e.g. ISO 7905. In an EC-collaboration project denoted 'Hercules-b,' Rolf Koring from ECKA granulates developed a new fatigue test bench in collaboration with the Technical University Dusseldorf and MDT. 2 The purpose of the test bench was to evaluate the fatigue properties of laser-lined bearing linings under realistic conditions.
Disc fatigue test rig
The disc fatigue test rig (DFTR) ( Figure 3 ) was designed as a collaboration between The Technical University of Denmark (DTU) and MDT with the purpose to test white metal coatings under realistic bearing conditions, in a confined time-frame. 1 The disc fatigue test rig has been developed in the EC-project 'Hercules-C'. The test disc consists of three parts, an upper and lower disc with lined white metal on the outer and a middle disc which is used to assemble the set of discs ( Figure 3 ). The design allows for two tests with almost the same environment to be tested at the same time. The test-rig simulates a scale model of a thrust bearing. The purpose with this test-rig is, through experimental analysis, to clarify some of the reasons and mechanisms for crack formation and growth in white metal coatings due to fatigue. With a better knowledge of bearing fatigue, the bearings can be designed with lower friction losses.
Further info can be seen found in Klit 
Measurements
An experiment was carried out with the conditions shown in Table 1 .
The bulk temperature of the oil was controlled using a PID controller. The coefficient of friction was determined from a torque measurement. The temperature of the thrust piece was measured as well as the electrical resistance measurement (ERM). 3 The ERM principle is shown in Figure 5 and is basically a resistance measurement of the oil film in the gap between the runner and the pad. Each pad is electrically isolated from the disc thus making it possible to monitor when solid contact between a pad and the disc occurs The ERM was installed in order to have a simple system for indication of a system change (crack development). Since the oil film thickness between the thrust piece (each pad) and the collar (disc) was only a few microns, wear particles can be detected to some extent using this rather simple setup (equation (1)).
The disc was installed, and the pressure in the loading system was gradually increased until the desired value. The nominal load applied was defined as the average pressure between one pad and the disc. The speed was kept constant during the experiment by the use of an angular encoder coupled with a frequency-controlled 4 kW AC motor driving the system. The experiment was stopped every 0.2 Â 10 6 cycles, and a visual inspection was performed. The system was disassembled after 1 Â 10 6 cycles for a complete inspection. During one revolution, the white metal disc is subjected to three cycles of loading, one for each passage of the pad. Nothing out of the ordinary was observed in the ERM-signal (see Figure 12 ). The same can be seen on the running surface, which is shown in Figure 6 and a close-up of one of the locations in Figure 9 . After reinstalling the disc, the experiment was resumed.
Shortly after another 0.6 Â 10 6 cycles, an indication was observed on the ERM-signal, shown in Figure 13 . Having extracted the disc, the following general appearance was observed (see Figure 7) . In Figure 7 , the same area as chosen in Figure 9 was once again inspected in the microscope revealing the image shown in Figure 10 . After re-installing the disc, once more the system failed shortly after. The global count was now 2 Â 10 6 cycles. The disc was now severely damaged (see Figure 8 ) and the area of interest even more (see Figure 11) .
The development of one of the fatigue damages is shown for the three discrete times (Figures 9 to 11 ). This damage spread across the entire disc after 2.0 Â 10 6 cycles leading to a completely damaged disc. From Figures 9 to 11, it can be seen how the damaged area evolves and destroys the running surface. Both cracks and smearing of the white metal can be observed indicating that the load carrying capacity is greatly reduced thus leading to larger pressures and lower separation between the pad and the disc, eventually leading to bearing failure.
Conclusions/future work
The test rig is capable of producing fatigue damages in white metal bearings. The damages are similar to damages observed in main bearings for large two stroke marine diesel engines. It is possible to monitor the development of cracks over time. The ERMsystem can be used for indicator of fatigue damages. The rig is to be used for investigation of initiation and development of fatigue damages in white metal bearings as a function of different operating conditions, such as temperature, load, white metal thickness and load type. The rig will be used for investigating crack Figure 12 . ERM Signal after 1.0 Â 10 6 cycles, revealing no contact between pad and disc. The three lines show the measured voltage drop across the individual pads and the disc. Each color represent one pad. The signal is mapped onto the disc making sure that a crack being formed will show up on all three signals on the same angular position. The radial amplitude of the signal shows the amount of solid contact between a pad and the disc. Figure 13 . ERM signal after 1.6 Â 10 6 cycles reveals that contact between the pads and the disc is present. 
